Recent studies by our group and others have demonstrated that growth hormone (GH) is produced endogenously within the hippocampal formation, a brain structure associated with learning and aspects of emotional experience. Here, we demonstrate that this endogenously produced GH is modulated by age and sex differences and the presence of estrogen. GH mRNA levels were higher in females than males, especially during proestrus, a stage of estrus when estrogen levels are elevated. Moreover, GH expression was increased in ovariectomized females that were treated with estradiol. This increase in GH mRNA in response to estrogen was followed by the appearance of GH protein and was negatively correlated with the expression levels of insulin-like growth factor-I mRNA, suggesting a feedback relationship between insulin-like growth factor-I and GH in the brain. GH mRNA levels were also elevated in primary neuronal cultures exposed to 17-␤-estradiol in vitro, further confirming the direct influence of estrogen on GH expression. Finally, exposure to an acute stressful event increased the expression and production of GH in both males and females. However, the stress-induced increase of GH in females depended on the stage of the estrous cycle in which they were exposed to the stressful event. Together, these data further demonstrate that GH is endogenously produced in the adult hippocampal formation, where it is regulated by age, estrogen, and exposure to environmental stimuli. These results suggest that GH may be involved in functions ascribed to the hippocampus, such as learning and the response to stressful experience.
G
rowth hormone (GH) is a 19-to 21-kDa cytokine polypeptide that is produced primarily in the anterior pituitary, where it is most often associated with postnatal longitudinal growth in target tissues, including liver, muscle, adipose, and bone and cellular metabolism (1) . GH exerts its effects in these tissues either directly or indirectly through its downstream effector, insulin-like growth factor-I (IGF-I). Recent studies suggest that the GH͞IGF-I axis may also play an important role in central nervous system functions, including those associated with neuronal growth, development, and protection (2, 3) . Furthermore, several studies suggest the GH͞IGF axis may play a role in influencing aspects of mood and cognition (4, 5) . GH-binding sites have been identified in several areas of the brain, including the choroid plexus, putamen, thalamus, pituitary, hippocampus, and cortex (6) , suggesting the presence of GH receptors (GHRs) in these tissues. Furthermore, studies by our group and others have provided evidence for endogenous expression of GH in the hippocampus (7, 8) . Additionally, receptors for IGF-I, a known mediator of GH signaling, are prominent in the hippocampus and parahippocampal regions and are detectable in the amygdala, cerebellum, and cortex, as are mRNAs for these receptors (9) . Several studies have established a role for IGF-I in neuronal development and growth (10) and neurogenesis in the adult hippocampus (11) (12) (13) .
In a previous study, we used transcriptional profiling to identify genes that were associated with learning. Surprisingly, we found that acquisition of a hippocampal-dependent learning task increased the expression of GH in the male hippocampus (8) . This increase occurred in animals that had learned, whereas naïve animals and those exposed to other types of training experiences expressed very low or undetectable levels of GH. These results were unexpected because endogenous expression of GH had not yet been localized to the hippocampus.
GH is also associated with sexual maturation because levels increase during puberty and decrease with age in both men and women (14, 15) . Moreover, the sex hormone estrogen stimulates the release of GH, which in turn can induce ovulation (15, 16) . Given the known effects of GH on sexual development, we characterized the expression of endogenous GH in the hippocampus as a function of age and sex. First, we tested whether GH expression changed as animals reached sexual maturity and whether there were sex differences and corresponding changes across the estrous cycle of female rats. The effects of ovariectomy (OVX) and replacement with estrogen in vivo and the effects of estradiol in vitro on expression of GH were also determined. In addition, we examined the effects of estrogen, age, and sex differences on mRNA for the GHR and IGF-I. Finally, the effects of an acute stressful experience on the GH response in males and females during different stages of the estrous cycle were examined.
Results
Using real-time PCR, we measured GH mRNA levels from the left hippocampus in juvenile male and female rats and adult males and females. The results are presented relative to expression in adult males and were analyzed by ANOVA and planned comparisons of the animal means (Fig. 1A) . Expression of GH mRNA was more than twice as high in adult than in juvenile males [F(1,9) ϭ 9.6; P Ͻ 0.05] and more than three times higher in adult than juvenile females [F(1,9) ϭ 5.4; P ϭ 0.05]. Additionally, adult females expressed nearly twice as much GH mRNA as adult males [F(1,22) ϭ 3.9; P ϭ 0.07]. There were no differences in expression between male and female juvenile rats (P Ͼ 0.05).
These results suggested that estrogen may influence the expression of GH in the hippocampus. To examine this possibility, we measured GH in females during proestrus, estrus, and diestrus. Females in proestrus expressed the most GH mRNA, nearly three times that in males [F(1,8) ϭ 6.6; P Ͻ 0.05] (Fig. 1B) . Females in estrus produced slightly less GH mRNA, although still more than males [F(1,12) ϭ 8.9; P Ͻ 0.05]. Females in diestrus expressed little GH and at levels similar to males [F(1,10) ϭ 0.26; P Ͻ 0.62].
We used the other hippocampus to determine whether protein levels of GH changed as a function of age and sex. GH protein was undetectable in juvenile animals but evident in adult males (Fig. 1C) . In adult females, GH was not detected in proestrus, but was present in estrus and to a lesser degree in diestrus. Given that proestrus persists for a very short period, the stage differences between levels of mRNA and protein most likely reflect the time required for translation.
Next, we measured the mRNA for GHR and IGF-I. Both were expressed in males and females during estrus and diestrus ( Fig.   2A ), but barely detectable during proestrus. In fact, females in estrus expressed seven times as much IGF-I mRNA as those in proestrus [F(1,11) ϭ 19.1; P Ͻ 0.01]. These data suggested that IGF-I and GHR are coregulated in the hippocampus. The relative expression levels of IGF-I and GHR mRNA levels for all of the animals in the study were correlated and revealed a strong positive correlation (r 2 ϭ 0.78, P Ͻ 0.0001), as illustrated in Fig.  2B . A relationship between IGF-I and GHR has been reported in other studies (17) and along with the present results would indicate that estrogen inhibits both the expression of GHR and IGF-I in the hippocampus, which then results in the expression of GH.
We then examined the direct effects of estradiol treatment on GH expression. As expected, concentrations of estradiol were higher in blood from ovariectomized females treated with estradiol (63.85 Ϯ 11.49 pg͞ml) than those treated with vehicle (4.82 Ϯ 2.15 pg͞ml) [F(1,8) ϭ 25.95; P Ͻ 0.001]. mRNA for GH was similar in ovariectomized females to that in males and was greatly increased by estradiol (Fig. 3A) , as was the protein (Fig. 3B) . In addition to levels of GH mRNA, we measured levels of IGF-I and GHR mRNA. It had previously been reported that estradiol treatment decreases GHR mRNA levels in the hippocampus of ovariectomized females (17) . Similarly, here we found that estrogen treatment significantly The expression of GH mRNA in females is depicted during stages of estrus, including proestrus (PF), estrus (EF), and diestrus (DF), and compared with expression in adult males (AM). They were increased in females during proestrus and estrus. (C) Examples of a Western blot are shown, illustrating the presence of GH protein in the hippocampus, especially in females during estrus. JM, juvenile males; JF, juvenile females. decreased the expression of GHR in ovariectomized females [F(1,9) ϭ 5.11; P Ͻ 0.03]. We also found estrogen decreased the expression of IGF-I [F(1,9) ϭ 5.11; P Ͻ 0.05]. These results are consistent with the data showing that estrogen represses the expression of IGF-I and GHR while inducing the expression of GH in females with a normal estrous cycle. To confirm that estrogen was directly affecting the expression of GH, we exposed 1-week-old primary neurons in culture to estradiol (10 nM 17-␤-estradiol for 24 h). GH mRNA was three times higher in cultures treated with estradiol than those that were untreated [F(1,10) ϭ 12.5; P Ͻ 0.001] (Fig. 4) . The primary neurons were cultured in the absence of serum to limit the proliferation of glia and to address more directly the effect of estrogen on neurons. These data indicate that estradiol increases the expression of GH mRNA in primary neuronal cultures and thus add to the data, suggesting that estrogen increases the expression of GH in neurons.
As shown here, the expression of GH mRNA in the hippocampus is sexually dimorphic and much greater in females than in males. GH in the hippocampus also responds to learning experiences that depend on the hippocampus (8) . These results indicate that GH can respond to environmental events and suggest that it may play a role in cognitive or emotional responses that are different between males and females. It has been shown that male and female rats respond differently to an acute stressful event, and indeed males learn better whereas females are learning impaired (18) . From this study we hypothesized that exposure to a stressful event would affect the expression of GH differently in males than it would in females. To test this hypothesis, we measured the effect of an acute stressful event on the expression of GH in the hippocampal formation in both males and females. One day after exposure to 30 brief intermittent tail shocks (1 mA, 1 s), the male hippocampus produced nearly twice as much GH mRNA [F(1,10) ϭ 12.5; P Ͻ 0.001] (Fig. 5A ). In females, the effect was different and depended on the stage of estrus in which they were exposed to the stressor. Those that were stressed during diestrus produced significantly more mRNA for GH as measured 24 h after the stressor had occurred [F(1,14) ϭ 5.79; P ϭ 0.03], whereas those that were stressed during either estrus or proestrus were unaffected (P Ͼ 0.05) (Fig. 5 B and C) . Together, the data indicate that stress affects GH expression differently in females depending on the stage of estrus in which the event occurs. Because females in estrus and proestrus express more GH when they are unstressed than do females in diestrus, the absence of a stress effect in these females could reflect a ''ceiling'' effect; in other words, they may already be expressing the maximum amount of GH and stress could not further enhance its expression. Another possibility is that exposure to the stressful event increases GH expression in males but only in females when their estrogen levels are relatively low, as they are in males. IGF-I mRNA levels were quantified in animals that were exposed to stress to determine whether the induction in GH mRNA correlated with a repression in IGF-I mRNA. Interestingly, even though GH mRNA levels were increased in stressed males, there was no apparent effect of the stressful event on IGF-I mRNA levels in the male hippocampus [F(1,10) ϭ 0.09; P ϭ 0.77] (Fig. 5A) . In contrast, exposure to the stressor decreased the expression of IGF-I by 3.2-fold in females that were in diestrus [F(1,14) ϭ 6.17; P ϭ 0.03] (Fig. 5B) . This decrease in expression was persistent because it was evident even 24 h after the stressful event had ceased, indicating a relatively long-lasting effect of an environmental event on IGF-I mRNA in the hippocampus. Overall, these data indicate that GH expression and presumably its production are affected by stressful experience but that the pathways that are involved are different, one modulated by changes in IGF-I and the other not. Also, the response in females changes across the estrous cycle and thus appears to be a more dynamic response in females than it is in males.
Discussion
Age and Sex Differences in GH Expression. GH is well known for its role in body growth and development, but its role in brain function is less understood. In fact, until recently, it was not clear whether GH was even produced in the brain. Here, we show that the mRNA and the protein are produced in the hippocampal formation and that they respond, along with IGF-I to age and sex differences. Specifically, adult rats expressed more than twice as much GH in their hippocampus when compared with the hippocampus of juveniles that had yet to enter puberty. Also, the expression of GH was produced more in females than males and was especially sensitive to the presence of estrogen. The highest degree of GH expression occurred in the hippocampus of females while they were in proestrus, a stage associated with ovulation and high concentrations of estrogen in the blood. Because hormones other than estrogen change across the estrous cycle, we examined the direct effect of estrogen on GH expression in females without ovaries. OVX alone reduced GH mRNA levels in the hippocampus of females to levels similar to those measured in adult males. Moreover, exposure to exogenous estradiol increased the expression of hippocampal GH mRNA and protein levels significantly more than did exposure to the oil vehicle alone. The increase in GH expression in response to estradiol appears to occur in neurons, at least to the extent that it was enhanced in primary neurons in culture that were exposed to 17-␤-estradiol. Together, these data indicate that GH in the hippocampus is regulated by sex differences and that these differences are influenced by estrogen and changes that occur as animals establish reproductive maturity.
Relationship Between GH mRNA and Its Receptor and IGF-I. In most biological systems, GH, IGF-I and their respective receptors are intimately related. We demonstrate here that such a relationship also exists in the hippocampus. There was a very strong correlation between the expression of the receptor for GH and IGF-I (Fig. 2C ) and an inverse relationship between the presence of GH mRNA and that of IGF-I. We also found evidence that IGF-I is regulated by estrogen in the hippocampus. The hippocampus of ovariectomized females expressed less GH than that of females with ovaries and expressed levels similar to those found in the male hippocampus. However, the hippocampus of ovariectomized females that had been injected with estradiol had increased expression of GH mRNA and reduced mRNA levels for IGF-I and GHR. These data are consistent with reports that estrogen down-regulates the expression of GHR mRNA in the hippocampus of female rats (17) . The relationship between hippocampal GH and IGF-I was also apparent in the intact females as they transitioned through different stages of the estrous cycle. Levels of IGF-I mRNA were barely detectable in the hippocampus of females that were in proestrus, whereas levels of GH mRNA were relatively high. Because estrogen concentrations in the blood are elevated during this stage of estrus, these data would suggest that estrogen regulates the GH͞IGF-I axis in the hippocampus as females ovulate. A similar relationship reportedly occurs within the liver; estrogen inhibits the expression of IGF-I, which then results in the stimulation of GH synthesis through the negative feedback of the GH͞IGF-I axis (19) . That said, given the dynamic nature of the estrous cycle, it is difficult to describe the exact relationship between GH and IGF-I in the female hippocampus. However, in all of the experiments presented here, when estrogen levels were elevated, IGF-I mRNA levels were significantly reduced and GH mRNA levels were up-regulated. These results suggest that in the female hippocampus the induction of GH mRNA by estrogen is likely the result of negative feedback of the GH͞IGF-I axis.
Stressful Experience Alters the Expression of GH in the Hippocampus.
The results presented so far suggest that GH in the hippocampus along with its receptor and IGF-I are strongly regulated by sex and age. However, these data do not address the functional significance of GH in the hippocampus. Because the hippocam- pus is necessary for many types of learning, it seems reasonable to propose that hippocampal GH might also be involved in processes of learning. Consistent with this idea, we previously reported that hippocampal-dependent learning increases the expression of GH in the hippocampus in male rats (8) . Several studies have demonstrated that males and females learn at different rates and that their learning abilities are affected very differently after exposure to an acute stressful experience (20, 21) . Here, we report that exposure to an acute stressful experience of intermittent tail shocks increases the expression and production of GH in the hippocampus of males. The stressinduced increase was evident 24 h after the event had ceased, indicating a relatively persistent effect of the stressful event on GH expression. Exposure to the acute stressor increased GH expression in females, but only those that were in diestrus when the stressful event occurred. In these same females, there was also a decrease in IGF-I expression, suggesting that stressful experience, similar to estrogen exposure, inhibits the expression of IGF-I and thereby increases the expression of GH mRNA level. Most interestingly, the increase in GH mRNA in males was not accompanied by a decrease in IGF-I. Thus, it would appear that the induction of GH after stress in males is regulated by a different mechanism than it is in females and one that does not involve changes in IGF-I. In summary, these data indicate that GH is not only sensitive to age and sex differences, but also that it interacts with two functions ascribed to the hippocampus, one being learning and the other its regulation of the stress response. Exactly how GH contributes to these processes is unknown and will likely remain unknown until techniques are developed that can block GH expression in discrete brain regions.
The Potential Role of GH in the Hippocampal Formation. Overall, these data in combination with our previous study demonstrate that GH production in the hippocampus is sensitive to stressful experience, learning a hippocampal-dependent memory task, and levels of estrogen. Thus, one might propose that it plays a role in neuronal processes related to mood and cognition, as has been proposed (4, 5) . If so, these effects would likely be mediated by its effects on neuronal growth and development. Interestingly, the manipulations shown here that induce hippocampal GH are also associated with events that increase the growth of anatomical structures within the brain. Females possess more dendritic spines in the hippocampus than do males, especially during proestrus, when GH levels are high (22) (23) (24) (25) . They also produce more new neurons in the hippocampus during proestrus (26) . Additionally, stressful experience changes the density of these structures differently in males than in females, depending on the stage of estrus, as it does GH (20, 21, 23, 24) . Finally, and perhaps not coincidentally, all three measures, GH, spines and neurogenesis, increase with learning (8, 27, 28) . It is thus possible that features of mood and cognition are controlled by the production of GH within the brain itself.
Materials and Methods
Subjects. Adult male and virgin female Sprague-Dawley rats (250-300 g) were obtained from Zivic Laboratories and housed individually before and after surgery in Rutgers University's Department of Psychology animal facility. Rats had unlimited access to water and Purina Lab Chow (Ralston-Purina) and were maintained on a 12:12 light-dark cycle with light onset at 7 a.m.
Vaginal Cytology. Vaginal cytology was monitored through daily vaginal smears obtained between 10 a.m. and 12 p.m (18) . Sterile cotton swabs were immersed in physiological saline and gently inserted into the vaginal tract, and loose epithelial cells were removed, then rolled onto a slide. Cells were dried, fixed in 95% EtOH, rinsed in buffered water, stained in 1% aqueous filtered toluidine blue, rinsed in 70% buffered EtOH, and fixed again in 95% EtOH. Based on their vaginal cytology, rats were classified into four stages of estrous: proestrus was marked by purple staining epithelial cells with dark nuclei, estrus by masses of dark blue staining cornified cells, diestrus 1 by numerous leukocytes and epilthelial cells, and diestrus 2 by a similar morphology but reduced numbers. Only females that had standard 4-to 5-day estrous cycles were included.
OVX and Estrogen Replacement. Animals were anesthetized with 30 mg͞kg pentobarbital injected i.p. supplemented with Isoflurane inhalant and bilaterally ovariectomized. The ovaries were removed through a small midline incision on the ventrum. After removal of the ovaries, the muscle wall and skin were closed with absorbable suture. After surgery, 0.3 ml of penicillin (250,000 units per ml) was administered intramuscularly, and the rat was kept warm until recovery from anesthesia. Postoperatively, rats were provided with 24-h access to acetaminophen (32 mg͞ml; IDE Interstate, Amityville, NY) diluted 1:100 in drinking water for 2 days. After at least 5 days of recovery, rats were injected s.c. with 10 g of 17-␤-estradiol benzoate (Sigma) dissolved in sesame oil. Each group of estrogen-treated rats was tested with a separate group of OVX rats injected with sesame oil vehicle. All rats were injected, and then 24 h later, they were injected again with either the same dose of estradiol or vehicle. Twentyfive hours later, all animals were given a lethal dose of sodium pentobarbital, and blood samples were collected via cardiac puncture for RIA of hormone levels. Blood was added to test tubes containing 0.1 ml heparin and centrifuged for 20 min at 402 ϫ g. The brain was dissected, and tissue was kept on dry ice until storage at Ϫ80°C. Plasma aliquots were stored at Ϫ20°C and thawed before analysis. Circulating levels of estradiol were measured by using a solid-phase RIA system (Coat-A-Count; Diagnostic Products, Los Angeles). Assay sensitivity for estradiol was 8 pg͞ml, and interassay variability was Ͻ7%.
Stressor Exposure. Male rats were removed from their home cage and taken into another room. They were placed in a restraining tube that was located within a dark sound-attenuating chamber. Electrodes were attached to the tail to deliver 30 shocks (1 s, 1 mA) at a rate of 1 per min. Immediately after, they were returned to their home cage. Twenty-four hours later, they and a group of unstressed controls were injected with a lethal dose of sodium pentobarbital. Under deep anesthesia, the brain was removed, dissected, kept on ice, and eventually stored at Ϫ80°C.
RNA Isolation and Real-Time PCR. Total RNA was isolated from frozen hippocampal tissue with TRI Reagent (Sigma). Firststrand cDNA was synthesized by using 500 ng of total RNA primed with random hexamers (Promega) as a template for avian myeloblastosis virus-reverse transcriptase (Promega). Real-time PCR was performed in the PE Biosystems Gene Amp 7700 sequence detection system (Applied Biosystems) using 5% of cDNA, primers specific for GH (5Ј-AAGAGTTCGAGCGT-GCCTACATTCC-3Ј, 5Ј-AGTTCTCTGCTGGGCCTCCTC-CTT-3Ј) IGF-I (5Ј-TCTGAGGAGGCTGGAGATGT-3Ј, 5Ј-TGACGTGGCATTTTCTGTTC-3Ј), or GHR (5Ј-TGGACA-CACTGGCAGCAT-3Ј, 5Ј-TCCTTTGCTGCTTTGAAAAT-ATAACTA-3Ј), cDNA, and the SYBR green PCR reagents as recommended by the manufacturer (Applied Biosystems). PCR products for GH, IGF-I, and GHR were 125, 194, and 119 bp long, respectively. Individual primer pairs were tested at concentrations of 50, 250, and 500 nM to optimize reactions and ensure no primer dimer formation occurred within the number of cycles required for quantification.
Data from the real-time PCRs were analyzed by using Applied Biosystems SDS 1.9 software. PCRs for each cDNA were performed simultaneously and normalized to the PCRs by using primers for RPL39 (5Ј-GATCCTCGCCATGTCTTCTC-3Ј, 5Ј-GCTTCGTTCTCCTCGAGTGT-3Ј, ribosomal protein L39 mRNA). To calculate fold change in gene expression a ⌬Ct (Ct sample Ϫ Ct RPL39 ) value relative to RPL39 was first calculated for each cDNA and primer pair. Relative gene expression for each sample was calculated, 2 ⌬Ct . This normalized value was then used to compare gene expression levels between samples.
Western Analysis. Protein lysates were generated by homogenizing hippocampal tissue in lysis buffer consisting of 0.5% SDS, 0.5% Triton X-100, 1% Nonidet P-40, 50 mM Tris (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1 mM PMSF, and protease inhibitors. Fifty micrograms of lysate was boiled in the presence of SDS sample buffer, and the sample was loaded onto 10-20% Tris͞glycine-acrylamide gel and transferred to poly(vinylidene difluoride) membranes for immunoblot analysis using polyclonal goat-antirat GH antibodies obtained from Research Diagnostics (Flanders, NJ).
Neuronal Cultures. Neuronal cultures were prepared as described (29) . Briefly, pregnant embryonic day 18 Sprague-Dawley rats were killed by inhalation of CO 2 , and the embryos were removed immediately. Cortices were dissected and treated with 0.25% trypsin in Hepes-buffered Hanks' balanced salt solution (HBSS) without calcium or magnesium at 37°C for 15 min. The cortices were then washed with HBSS and manually dissociated with a fire-bored Pasteur pipette. Cells were plated at a concentration of 100,000 per cm 2 on poly-L-lysine-coated 10-cm plates in plating medium containing DMEM and 10% FBS. After incubation overnight the medium was changed to Neurobasal medium containing B27 supplement and 0.5 mM glutamine. After 7-10 days in vitro primary neuronal cultures were treated with 100 nM 17-␤-estradiol for 24 h. This work was supported by National Institutes of Health Grant MH59970 (to T.J.S.).
